ABSTRACT: The house fly, Musca domestica (L.) (Diptera: Muscidae), and the stable fly, Stomoxys calcitrans (L.) (Diptera: Muscidae), are two filth flies responsible for significant economic losses in animal production. Although some chemical control products target adults of both species, differences in mouthpart morphology and behavior necessitates distinct modalities for each. For these reasons, larvicides are an attractive means of chemical control. We assessed the potential of the polyol sweeteners erythritol and xylitol as larvicides to the house fly and stable fly. LC 50 values of erythritol against 2 nd instar larvae were 34.94 mg/g media (house fly) and 22.10 mg/g media (stable fly). For xylitol, LC 50 values were 74.91 mg/g media (house fly) and 41.58 mg /g media (stable fly). When given a choice, neither species showed a preference for ovipositing in media treated with either sweetener at various concentrations or in media without sweetener. Significantly lower development from egg to adult was observed when the 2 nd instar LC 50 equivalent of each sweetener was present in the media compared to controls. Erythritol and xylitol both have larvicidal qualities, however their effective concentrations would necessitate creative product formulation and deployment methods to control all stages of developing flies. Journal of Vector Ecology 44 (1): 11-17. 2019.
INTRODUCTION
The house fly, Musca domestica L. (Diptera: Muscidae), and the stable fly, Stomoxys calcitrans L. (Diptera: Muscidae), are significant pests of veterinary and public health importance. Both fly species can cause considerable economic damage to livestock operations by stressing animals and transmitting disease (Malik et al. 2007 , Taylor et al. 2012 . Adult house flies can act as reservoirs and carriers of antimicrobial resistant bacteria (Zurek and Ghosh 2014) , as well as their larvae (Fukuda et al. 2018) . Stable flies are vectors of various economically damaging diseases in cattle, including lumpy skin disease virus (Saegerman et al. 2018) .
The polyol sweeteners erythritol (Er) and xylitol (Xy) have gained attention in recent years for their insecticidal potential against Drosophila melanogaster (O'Donnell et al. 2017) , the spotted wing Drosophila, D. suzukii (Sampson et al. 2016 , and the Oriental fruit fly, Bactrocera dorsalis (Zheng et al. 2015) . Both Er and Xy have also been considered for control purposes in the house fly, Musca domestica (Fisher et al. 2017 , Burgess and King 2017 , Burgess et al. 2018 . Xy has shown particular promise for reducing adult fly longevity in water solutions (Burgess and King 2017) , while Er appeared to be a good candidate for combination with the entomopathogenic fungus Beauveria bassiana to control adults (Burgess et al. 2018) .
Most Er and Xy studies have focused on targeting the adult stage, but some attention has been paid to these sweeteners as larvicides in fruit flies (O'Donnell et al. 2017 , Sampson et al. 2016 . Filth fly larvicides are an appealing control method because they force exposure. Before pupating, both the house fly and stable fly go through three larval instars that can last days to weeks depending on environmental conditions (Moon 2009) . Both species cease feeding in their 3 rd larval instar, void their gut, and begin wandering for a site to pupate. Presently, insect growth regulators (IGRs) are the primary means of chemical larval control of filth flies, but resistance can develop to these chemicals (Bell et al. 2010) . Thus, alternative larval control chemicals have value.
We assessed Er and Xy for larvicidal potential against the house fly and stable fly. Our goals were to determine: 1) LC 50 values of Er and Xy for 2 nd instar house fly and stable fly larvae; 2) oviposition site preference in the house fly and stable fly when given a choice between Er-or Xy-treated and control test media; and, 3) development from egg to adult in test media treated with Er or Xy at the LC 50 values for 2 nd instars compared to controls.
MATERIALS AND METHODS

Experimental organisms
For experiments 1-3, the house fly larvae and eggs were from the "NIU" strain maintained for approx. 25 years at Northern Illinois University Department of Biological Sciences. For experiment 2, the house flies were from the "Orlando Normal" strain, an insecticide-susceptible strain that has been in colony for approx. 60 years at USDA-ARS CMAVE.
The stable flies used for experiments 1 and 3 were from a colony established in ca. 1980 from a dairy farm in Gilchrist County, FL, and maintained at USDA-ARS CMAVE. Adult stable flies were maintained on cotton pads soaked with citrated bovine blood. Flies also oviposited on the blood pads.
Test media
The test media in the experiments were the same media used for larval rearing and were specific for both species. Fresh test media was used to ensure no dead larvae or pupae found in used media could confound the results. The house fly test medium was created by mixing 1 L of water and 2 L of dry rearing media comprised of eight parts Purina fly chow (Test Diet, St. Louis, MO. U.S.A.), ten parts pine shavings, and one part fish meal. Prepared house fly test media was then weighed out in 125 g portions in 300 ml glass jars for further treatment. The number of jars prepared in this way depended on the experiment.
The stable fly test media was created by mixing 2.9 L of water with 5.4 L of dry rearing media comprised of nine parts wheat bran, 3.5 parts vermiculite, and one part Calf Manna (Manna Pro, Chesterfield, MO, U.S.A.).
Experiment 1: Larval dose response
For the house flies, one of four test solutions or control was poured into each of five jars of prepared house fly test media and then homogenized manually with a spoon. Test solutions were created in 50 ml RO water. The control solution was 50 ml of RO water only. An initial concentration range determination step was conducted to find concentrations that produced >0% and <100% mortality. These concentrations in grams of sweetener per 50 ml RO water were 0.75, 1.65, 3.63, 8.00 for Er, and 6.10, 7.69, 9.69, 12.20 for Xy. This came out to 6.0, 13.2, 29.0, and 64.0 mg Er per g media, and 48.8, 61.5, 77.5, and 97.6 mg Xy per g media.
Groups of 20 colony-reared larvae (three days old, 2 nd instar) were placed on the surface of the media in each test concentration or control. The jars were left in an environmental chamber at 25º C and constant light until all larvae had developed to adulthood and then died. Adult flies and pupae were collected by floatation in a water bath. Flies and nonemerged pupae were summed up and subtracted from 20 to get the number of larvae killed. All test concentrations and control were replicated four times for each sweetener. For the stable flies, prepared stable fly test media was weighed into batches of 250 g and treated with 50 ml of distilled water containing either no sweeteners (control) or erythritol or xylitol containing 3. 29, 4.93, 7.41, 11.11, 16.67, or 25 g. This resulted in the media containing the sweeteners at 10. 97, 16.46. 24.69, 37.03, 55.56, or 83 .33 mg/g of media.
The concentrations that elicited >0% and <100% mortality were selected for analysis. These were 10.97 to 37.03 mg Er per g of media and 16.46 to 55.56 mg Xy per g of media.
After thoroughly mixing the solutions into the test media, each treatment batch was weighed into four sets of 75 g and placed in 150 ml plastic cups. Twenty larvae (2 nd instar) were added to each cup by removing them from colony trays that had been set with eggs four to five days previously. Cups were held in a rearing room at 23º C. Pupae were removed 9 days after placement of larvae, counted, and held for adult fly emergence. The entire experiment was repeated three times with different cohorts of larvae for a total of 12 cups of larvae per concentration for both sweeteners.
Experiment 2: Oviposition preference in sweetenertreated media
A total of 25 female and 25 male zero-to-one day-old house flies were added to each of four 32.5 x 32.5 x 32.5 cm mesh test arenas (Bug Dorm, MegaView Science Co., Taiwan) and given evaporated whole milk, water, and granular sucrose ad libitum for 8 days. Test arenas were kept inside a growth chamber at 25º C and 12:12 L:D photoperiod for the duration of the entire experiment.
At the end of eight days, house fly test media was treated with one of the sweetener's 2 nd instar larval LC 50 (low concentration) determined from experiment 1, double the LC 50 (high concentration), or a water-only control. Both sweeteners were done in this way. Test solutions and controls were made in 50 ml RO water and applied to the media as before. The treated media or control were each weighed into approximately 17 g portions and wrapped in 12.7 x 12.7 cm patches of moistened black cotton cloth and secured by rubber bands to serve as an oviposition site. The liquid and fine particulate matter from the media were allowed to squeeze through and soak the outer surface of the cotton cloth so that flies could contact it directly. All three of the oviposition sites were placed inside their own 60 ml plastic cups and oriented equidistantly and as far apart as possible (at least 5 cm apart) inside the test arenas. Females were given 24 h to oviposit. At 24 h, the oviposition sites were removed from the cages and placed in a -4º C freezer to arrest egg development. The oviposition sites were taken out of the freezer after at least 7 h, and eggs were collected manually into a clean 20 ml centrifuge tube with a wet size 000 paint brush and pin probe. Approximately 10 ml of water was added to the 20 ml centrifuge tube and then vigorously shaken to break apart the egg masses. Eggs were then counted manually by hand under a dissecting microscope set at 6x magnification. Two replicates of each sweetener were conducted per week for ten weeks (n = 20 total replicates of each concentration and control per sweetener). The primary choice for oviposition site was determined by the greatest number of eggs laid on one of the available oviposition sites, per replicate.
Adult stable flies, eight to twelve days old, were aspirated from colony cages, briefly anesthetized with CO 2 , counted into groups of 50 females, and placed in 24.5 x 24.5 x 24.5 cm mesh test arenas (Bug Dorm, MegaView Science Co., Taiwan). Flies were given blood until 18 h before a bioassay, when the blood was removed, and the cages transferred to a rearing chamber set at 17º C. On the morning of a test, the cages were transferred to a 28º C rearing room and held for 2 h before introducing oviposition sites.
Initial tests indicated that stable flies from this colony were reluctant to oviposit on freshly prepared stable fly test media. Equal portions of house fly rearing medium in which larvae had pupated (six days after egg placement) and stable fly larval rearing medium on which eggs been placed eight to nine days previously served as suitable oviposition media. Any stable fly larvae that were present prior to use were removed by hand. Citrated bovine blood was added to the media mixture to bring the moisture level to about 80%. Prepared test media was weighed into batches of 50 g and each was treated with 10 ml of distilled water with no sweeteners (controls), or amounts of Er or Xy consistent with the LC 50 , or double the LC 50 for each sweetener from experiment 1.
Oviposition sites were created by placing 25 g of prepared stable fly test media on a 10 x 10 cm square of black cotton cloth, folding the cloth around the media, and securing the folds with an elastic band. The sites were squeezed to ensure that liquid from the treated media seeped through the cloth, then placed in 60 ml plastic cups. Three cups were placed in each test arena. Cups were arranged in a triangular orientation in the cage with at least 5 cm between each cup. The cups were removed from the cages 6 h later. Eggs were rinsed from the oviposition sites and counted by pipetting egg suspensions in straight lines on black cloth and making counts using a microscope. Two test arenas were used for each sweetener on a test day, and the experiment was replicated ten times for a total of 20 test arenas for each sweetener.
Experiment 3: Development in sweetener-treated media
The low concentration (2 nd instar larval LC 50 equivalent) of sweetener in 50 ml RO water, or RO water only, was added to prepared house fly test media. Five test jars were made for Er, Xy, and control (15 jars total). Eggs laid between 0-6 h prior to experimental setup were collected from colony cages, of which 30 were counted onto small pieces of damp paper towel and immediately placed on the surface of the prepared house fly test media so that the eggs were in direct contact with the media surface. The tops of the test jars were secured by cotton cloth and rubber band. The test jars were then placed inside a growth chamber at 25º C and 12:12 L:D photoperiod until adult flies had emerged and died (approximately 2 wk). Every two days, 10 ml of water was added to each jar, and the test media were homogenized via clean spoon in order to maintain consistent moisture. The spoon was then carefully inspected to ensure no larvae or pupae were being extracted. When adult flies began to emerge, water addition and homogenization ceased. The number of non-emerged pupae and emerged adults was counted.
Prepared stable fly test media was weighed into batches of 250 g and each was treated with 50 ml of distilled water with no sweeteners (controls) or the low concentration (2 nd instar larval LC 50 equivalent) of Er or Xy. Treated medium was weighed into five cups of 75 g for each sweetener. Stable fly eggs were collected from the colony, counted into groups of 50 on 5 cm squares of black cotton cloth, and placed on the media surface so that the eggs were in direct contact with it. Cups were held in a rearing room at 23º C. On days 3, 5, and 7 after egg placement, the cups were stirred with a glass rod, weighed, and water added to bring the weight back to the original value on the day of egg placement. Pupae were removed 14 days after placement of eggs, counted, and held for adult fly emergence.
Statistical analysis
All analyses were conducted with R version 3.4.0 (R Core Team, 2018. https://www.R-project.org/). Dose response analysis was done by Probit analysis according to Finney (1971) on the pooled replicates of each species and sweetener combination. Statistically significant differences between the sweeteners LC 50 values were determined by non-overlap of their 95% confidence intervals. Oviposition preference data was analyzed by rank transforming the egg counts among all sites in all replicates of each sweetener. Then, ANOVA was conducted on a general linear mixed model in which the rank-transformed egg counts were treated as a fixed factor, and test arena as a random factor to account for the repeated measures. This method is considered superior to the Friedman test (Conover and Iman 1981) . Frequencies of primary choice of oviposition site based on sweetener and species were tabulated and presented in Figures 1 and 2 . For the development data, replicates were pooled within each sweetener or control and analyzed by a Chi-square test of independence.
RESULTS
Dose response
Based on the non-overlap of 95% confidence intervals, Er was more toxic than Xy in both species (Table 1) . Both sweeteners were more toxic to stable flies than to house flies. In the house flies, Er was 2.1-fold more toxic than Xy, and in the stable flies, Er was 1.9-fold more toxic than Xy.
Oviposition preference
The house flies showed no significant preference for any of the three oviposition sites containing different concentrations of Er or control, based on number of eggs laid (F = 1.21, df = 2, 38, P = 0.31). However, there was an overall significant difference in the oviposition site when different concentrations of Xy or control were offered (F = 5.19, df = 2, 38, P = 0.010). House flies laid more eggs on the low concentration Xy media more than on the high concentration Xy media (z = 3.12, P = 0.004). No other comparisons were statistically significant. Out of 20 Er replicates, the low and high concentrations were chosen an equal number of times as primary choice, and were each chosen more frequently compared to the control ( Figure  1) . Out of 20 Xy replicates, the low concentration was chosen most frequently as the primary choice and the control least frequently.
The stable flies showed no significant preference for oviposition site, based on number of eggs laid, in either sweetener type. Out of 20 Er replicates, the low concentration was chosen most frequently and the high concentration least frequently (Figure 2) . Out of 20 Xy replicates, the control was chosen most frequently, and the high concentration least frequently.
Egg development
The number of house fly eggs that developed to adults was dependent on treatment (Table 2 ; c 2 = 89.32, df = 2, P < 0.001). Significantly fewer flies developed to adults in Er media compared to Xy media ( c 2 = 37.39, df = 1, P < 0.001) and compared to the control ( c 2 = 87.03, df = 1, P < 0.001). There were also significantly fewer flies that developed into adults in Xy media compared to the control ( c 2 = 16.03, df = 1, P < 0.001). Whether house fly eggs developed to pupae was also dependent on treatment (c 2 = 144.33, df = 2, P < 0.001). A significantly smaller proportion of house fly eggs developed to pupae in Er media compared to in Xy media (c 2 = 39.49, df = 1, P < 0.001) or in the controls (c 2 = 132.52, df = 1, P < 0.001). Development to pupae was also significantly less in Xy media compared to the controls (c 2 = 39.73, df = 1, P < 0.001). The number of stable fly eggs that developed to adults was dependent on treatment type (Table 2 ; c 2 = 189.34, df = 2, P < 0.001). The proportion of flies that developed to adults in Er media was significantly lower than in Xy media (c 2 = 7.51, df = 1, P = 0.006) or in the controls (c 2 = 134.43, df = 1, P < 0.001). Stable fly eggs also developed to adults in Xy media significantly less than in the controls (c 2 = 92.54, df = 1, P < 0.001). The number of stable fly eggs that developed to pupae was again dependent on treatment (c 2 = 64.45, df = 2, P < 0.001). The proportion of eggs that developed to pupae in Er media or in Xy media were both significantly lower than in the controls (Both c 2 > 35.05, df = 1, P < 0.001).
DISCUSSION
Overall, Er showed the greatest larvicidal potential in both the house flies and the stable flies. The filth fly larvicide market for over 40 years has been dominated by IGRs such as cyromazine and diflubenzuron that are deployed primarily as feed-throughs. Er and Xy are not likely candidates for feedthrough application because the relatively high concentrations needed for control may lead to osmotic diarrhea (Mäkinen and Scheinin 1978) and other digestive tract complications for the treated animals. Rather, the most likely delivery method would be as direct applications to areas of known high larval numbers ("hot spots") in breeding sites such as manure pits, calf bedding, and soiled hay.
Neither Er nor Xy compared favorably to already established IGR-based filth fly larvicides in terms of LC 50 (Shah et al. 2015) . The LC 50 values are usually derived from egg-to-adult mortality (Kristensen and Jespersen 2003, Liu et al. 2012) , not the 2 nd instar used in the present study. When tested at 2 nd instar larval LC 50 levels, Er and Xy exhibited high egg-to-adult mortality in both species. Due to rapid development of resistance to IGRs, both polyols may provide some value against resistant filth fly populations. They may also have particular utility in organic systems, where there are no effective alternatives to cultural control methods for rapid treatment of larval outbreaks. Due to the present study being conducted on long-established laboratory strains, future studies should also include screening wild-caught strains to account for potential behavioral and physiological variation from prolonged colonization.
The mode of action for either of these polyols has not been implicated as having a regulatory effect on insect development as per a classical IGR. Rather, the prevailing evidence suggests that osmolarity imbalance in the hemolymph due to a lack of metabolic breakdown has something to do with their lethality . Choi et al. (2017) suggest that the increased hemolymph osmotic pressure seen in D. suzukii after an Er diet may reduce the rate of crop emptying, which would decrease feeding activity and thus lead to death by starvation. If Er or Xy are to be utilized in part or solely as a larvicidal formulation, future studies should focus on determining their exact mode of action. Although neither fly species showed a preference for ovipositing on treated test media, the flies showed no aversion to laying eggs on such media, even in the presence of untreated media. House flies and stable flies use a variety cues to locate and assess the suitability of oviposition sites. In the house fly, the presence of bacterial loads associated with newly oviposited conspecific eggs encourages oviposition by other females (Lam et al. 2007) , as do semiochemicals such as Z-9-tricosene that are released during oviposition (Jiang et al. 2002) . Stable flies preferentially oviposit in media with a robust microbial community, especially one rich in Citrobacter freundii (Romero et al. 2006) . Volatile chemostimulants from livestock manure also attract stable flies to oviposit (Jeanbourquin and Guerin 2007, Tangtrakulwanich et al. 2015) .
The test media used in the present study are very similar in composition to real fly breeding substrate, such as dairy manure. Dairy manure is rich in carbohydrates from high cellulose and hemicellulose content (Li et al. 2011) . By weight, Li et al. (2010) found that dairy manure contained 71.4 ± 2.8% carbohydrates, 26.6 ± 2.4% protein, and 2 ± 0.4% lipids. Ebner et al. (2016) found a similar by-weight composition of 69% carbohydrates, 14% protein, 1% lipids. For the house flies, test media contained a combination of ground oat hulls, ground barley, wheat bran, dehydrated alfalfa meal with crude protein (not less than 9.0%), crude fat (not less than 1.5%), and crude fiber (not more than 30.0%). For the stable flies, Calf Manna was comprised of not less than 25% crude protein, not less than 3% crude fat, and between 3-6% crude fiber. Calf Manna is made of soybean meal, corn, hominy feed, and feeding oatmeal, among other parts. Additionally, the wheat bran used in the stable fly test media is mostly carbohydrate. Neither media explicitly labels the carbohydrate content, but listed ingredients suggest that a large component of the media is carbohydrate. Although the test media resemble manure, potential differences in factors such as microbiotic profile necessitates additional work to confirm the effectiveness of Er and Xy in manure or other fly-breeding substrates.
Due to the sweeteners requiring quantities in the parts per thousand range to kill late instar house fly and stable fly larvae, an application plan that starts before peak fly season is recommended. How Er and Xy persist under environmental conditions typical of animal production facilities is not currently known but would help in determining what application rates would be needed. Additional work is also needed to ensure the compatibility of such treatments with parasitoids and predators of fly immatures.
